Four cultigens of Cucurbita moschata resistant to zucchini yellow mosaic virus were crossed with the susceptible 'Waltham Butternut' and with each other in order to clarify the mode of inheritance of resistance and relationships among the genes involved. Five loci were segregating, with genes for resistance Zym-0 and Zym-4 carried by 'Nigerian Local' and one of them also carried by 'Nicklow's Delight,' Zym-1 carried by 'Menina,' and zym-6 carried by 'Soler.' A recessive gene carried by 'Waltham Butternut,' zym-5, is complementary with the dominant Zym-4 of 'Nigerian Local,' that is, the resistance conferred by Zym-4 is only expressed in zym-5/zym-5 individuals. Gene zym-6 appears to be linked to either Zym-0 or Zym-4, and it is also possible that Zym-1 is linked to one of them as well.
Several genes for resistance to ZYMV have been identified in Cucurbita moschata. Munger and Provvidenti (1987) reported that 'Nigerian Local' carries a single dominant gene that confers resistance to ZYMV in crosses with the susceptible 'Butternut. ' Paris et al. (1988) reported that 'Menina' carries a single dominant gene that confers resistance in crosses with the susceptible 'Waltham Butternut.' These dominant genes for resistance are at separate loci (Pachner and Lelley 2004) . We observed that 'Soler,' which was developed by L. WesselBeaver of the University of Puerto Rico, carries a recessive gene that confers resistance in crosses with 'Waltham Butternut' (Pachner and Lelley 2004) . The genes for resistance from 'Nigerian Local,' 'Menina,' and 'Soler' were designated Zym-0, Zym-1, and zym mos , respectively, by Paris and Brown (2005) . Interestingly, these 3 sources of resistance to ZYMV in C. moschata germplasm are derived from the environs of different continents. Moreover, the plants of all 3 sources of resistance exhibit different symptoms after artificial inoculation with ZYMV (Pachner and Lelley 2004) . Pachner and Lelley (2004) , however, obtained some anomalous results which could not be explained by only 3 loci. In order to account for those results, we crossed 'Waltham Butternut' and 'Nigerian Local' and observed the segregation for resistance and susceptibility in F 2 and backcross progenies. Our objective is to present these new findings and, in their light, reanalyze the data of Pachner and Lelley (2004) and clarify the mode of inheritance of resistance to ZYMV in Cucurbita moschata.
Materials and Methods
Seeds of 'Menina' and of 'Nigerian Local' were obtained from M. Pitrat, I.N.R.A., France, and seeds of 'Soler' were obtained from the breeder, L. Wessel-Beaver of the University of Puerto Rico. Seeds of the resistant 'Nicklow's Delight' were obtained from the breeder, C.W. Nicklow (United States), who informed us that its resistance is derived from 'Nigerian Local.' All these were crossed with the susceptible 'Waltham Butternut,' a derivative of 'Butternut' that is genetically stable for bell-shaped fruits (Mutschler and Pearson 1987) . Seeds of 'Waltham Butternut' were obtained in 1978 from Joseph Harris Co. (Rochester, NY) and maintained and increased at the Agricultural Research Organization, Newe Ya'ar Research Center (Israel). Also, most combinations of crossing were made among the resistant cultigens. Filial, backcross, and testcross generation seeds were obtained from hand pollinations made during the winter in an aphid-free greenhouse at Tulln, Austria. Each pollination was carefully controlled by securing shut both, the staminate and the pistillate flower, one day prior to the artificial pollination; after hand pollination, the pistillate flower was resecured, as described by Robinson and Decker-Walters (1997) and Paris (2008) . Only one fruit was obtained per plant. All but one of the F 1 s were made during winter 2000, and their respective F 2 s and testcrosses on 'Waltham Butternut' were made during winter 2001. The F 1 of 'Waltham Butternut' and 'Nigerian Local' was made during winter 2002, and the F 2 and the backcross to 'Waltham Butternut' were made during summer 2004. We encountered some difficulty in obtaining seeds, especially from crosses involving 'Nigerian Local' and 'Soler' as these pumpkins are derived from the hot humid tropics, requiring heat and short days to induce flowering. In most cases, it simply was not possible to obtain reciprocal crosses. However, no differences in response to inoculation with ZYMV were observed between reciprocal F 2 progenies of the cross between 'Menina' and 'Waltham Butternut' (Paris et al. 1988) .
Seeds of parental, filial, backcross, and testcross generations were sown in 8 Â 8 Â 9 cm pots containing a 10:1 mixture of ready-to-use garden mold (2.5 g salt/l) and sand. Plants were grown in an aphid-free greenhouse maintained at 23-25°C day and 20-22°C night at 50-70% RH. Natural illumination was supplemented with a combination of mercury and sodium vapor lamps maintaining a day length of 14 h. The plants were grown between October and March in 4 consecutive years beginning in 2002. Twelve or more plants of the susceptible 'Waltham Butternut' were grown in each year to serve as controls, concurrently with all other parental, filial, backcross, and testcross progeny. Likewise, 12 plants of each resistant parent and 12 or more F 1 plants were grown concurrently in every year that plants of their respective F 2 , backcross, and testcross progenies were grown. All ZYMV-inoculated 'Waltham Butternut' plants developed severe symptoms, as occurred in an earlier study including over 100 plants of this cultivar (Paris et al. 1988) .
A mixture of the 5 Austrian isolates of ZYMV collected and described by Pfosser and Baum (2002) was the source of the inoculum, which was thereafter maintained in plants of oil seed pumpkin, Cucurbita pepo subsp. pepo Pumpkin Group, that were grown in an aphid-free greenhouse at Tulln, Austria. Young symptomatic leaves were collected and stored at À20°C in plastic bags for not longer than 6 months. Inoculum was prepared from 5 g of infected leaves, ground in a mortar on ice in 50 ml inoculation buffer containing 1% K 2 HPO 4 . Finally, 1 g Celite R 545 was added for lacerating the epidermis. Seedlings were inoculated twice: the cotyledons were inoculated when the first true leaf began to expand; 3 days later, when the first leaf had completely expanded, it was inoculated. Inoculation was conducted by gently rubbing the leaf surfaces with fingers enclosed in rubber gloves.
Plants were observed for disease symptoms at 10, 17, and 24 days after the first inoculation. The first observation was conducted only to ascertain that inoculation had indeed been successful; any symptomless plants were discarded. The plants were assessed by the senior author and scored as resistant if, at both 17 and 24 days after inoculation, they showed chlorotic dots, streaks, or spots; they were scored as susceptible if they showed mosaic, or overall yellowing, stunting, blistering, or distortion ( Figure 1 ). Symptom development and the high degree of severity in plants of the susceptible control, 'Waltham Butternut,' were the same in all 4 years.
Results
After inoculation with ZYMV, parental plants exhibited different characteristic developmental symptoms ( Figure 1 ). Plants of 'Menina' showed small chlorotic dots on the inoculated first leaf and sometimes on the second leaf, but no further. Those of 'Nigerian Local' reacted similarly but, instead of chlorotic dots, chlorotic streaks appeared along the veins of the laminae. Plants of 'Soler' developed chlorotic spots approximately 1 cm in diameter that persisted throughout the observation period. Plants of 'Nicklow's Delight' behaved similarly to those of 'Soler' but showed irregularly shaped, rather than round chlorotic spots. All plants of 'Waltham Butternut' were susceptible, each one developing severe mosaic and distortion.
Cross of 'Waltham Butternut' with 'Nigerian Local'
All 18 F 1 plants of the cross of 'Waltham Butternut' with 'Nigerian Local' were classified as resistant and therefore, resistance is dominant (Table 1) . Of the 216 plants of the F 2 , 179 appeared to be resistant and 37 susceptible. This result deviates significantly from the expected 3:1 ratio based on a single dominant gene for resistance (chi-square 5 7.136, P , 0.01). The results do fit a 13:3 ratio (chi-square 5 0.372, P 5 0.53) of 2 genes for resistance, one dominant and one recessive. They also fit a 3-gene 51:13 ratio (Table 1) , which would be expected if 'Nigerian Local' carried 2 dominant genes for resistance. Specifically, one of these 2 dominant genes, designated Zym-0, would confer resistance by itself.
Resistance would be conferred by the second dominant gene, herewith designated Zym-4, only through complementary interaction with a recessive gene carried by 'Waltham Butternut,' herewith designated zym-5 (Table 2) .
Segregation in the progeny of the backcross to 'Waltham Butternut' differed significantly from the 1:1 ratio (chi-square 5 10.074, P ,, 0.01) expected if there was a single dominant gene for resistance in 'Nigerian Local. ' The results do fit the 3:1 ratio expected if 'Nigerian Local' carried 2 dominant genes for resistance (chi-square 5 3.160, P 5 0.08). Moreover, the results fit quite well the expected 5:3 ratio (Table 1) (Table 1) , expected if 'Menina' carries the dominant gene for resistance, Zym-1 (Table 2 ).
All 12 F 1 plants resulting from crossing 'Nigerian Local' with 'Menina' were resistant. Of the F 2 plants (n5179), only 2 appeared to be susceptible. This result differs highly significantly from the 15:1 ratio of 2 dominant genes (chisquare 5 8.048, P , 0.01). However, if 'Menina' contains the same complementary recessive factor as does 'Waltham Butternut,' zym-5, then the expected ratio for this F 2 would be 243:13, still a significant deviation from the expected but not highly so (Table 1) .
In the testcross of 'Waltham Butternut' with the F 1 obtained from crossing 'Nigerian Local' with 'Menina,' 15 of the 106 plants appeared to be susceptible. This result does not fit the 3:1 expected ratio for segregation of 2 dominant genes (chi-square 5 6.654, P , 0.01) but does fit a 4-gene 13:3 ratio of resistant to susceptible (Table 1) obtained by assuming that each, 'Nigerian Local' and 'Menina,' have a dominant gene for resistance, Zym-0 and Zym-1, respectively, and that 'Menina' carries the complementary recessive gene, zym-5, to the other dominant gene for resistance, Zym-4, in 'Nigerian Local' (Table 2) .
Crosses Involving 'Soler'
In the cross of 'Waltham Butternut' with 'Soler,' all 18 F 1 plants were susceptible to ZYMV. Therefore, the resistance of 'Soler' is recessive. Of the 113 F 2 plants, 74 were observed to be susceptible, the result deviating from the expected 1:3 single-gene ratio (Table 1 ).
In the cross of 'Nigerian Local' with 'Soler,' all 12 F 1 plants were resistant. Of the 189 F 2 plants, all but 4 appeared to be resistant. Four genes might be expected to be segregating, the 2 dominant genes, Zym-0 and Zym-4, from 'Nigerian Local' and the 2 recessive genes from 'Soler,' one of the latter being the same complementary recessive factor as in 'Waltham Butternut,' zym-5, and the other a recessive gene for resistance exclusively in 'Soler,' for which we herewith suggest changing the designation to zym-6 (Table 2) . A 217:39 ratio of resistant to susceptible would then be expected, but it is far off from the result, which was only 4 susceptible plants of 189 (Table 1) . Therefore, either 'Soler' would have to contain yet another gene or genes for resistance or the recessive gene found only in 'Soler' is linked, in repulsion phase, to one of the genes for resistance in 'Nigerian Local. ' In the cross of 'Soler' with 'Menina,' all 18 F 1 plants were resistant. The 211 plants in the F 2 segregated in accordance with the 13:3 2-gene ratio (Table 1) , one of the genes for resistance, Zym-1 of 'Menina,' being dominant and the other, zym-6, of 'Soler,' being recessive (Table 2 ).
In the testcross of 'Waltham Butternut' with the F 1 obtained from crossing 'Nigerian Local' with 'Soler,' a ratio of 5:3 resistant to susceptible would be expected if 'Soler' is zym-5/zym-5 or 1:1 if 'Soler' is Zym-5/Zym-5. Of the 14 plants observed, 13 were resistant (Table 1) .
Likewise, in the testcross of 'Waltham Butternut' with the F 1 obtained from crossing 'Nicklow's Delight' with 'Soler,' a ratio of 5:3 resistant to susceptible would be expected if 'Nicklow's Delight' carries both dominant genes from 'Nigerian Local' and if 'Soler' is zym-5/zym-5; if it carries only one of them or if it carries both and 'Soler' is Zym-5/Zym-5, a ratio of 1:1 resistant to susceptible would be expected. The results do not fit the 5:3 ratio (chi-square is 6.935, P , 0.01) but do fit the 1:1 ratio (Table 1) .
In the testcross of the F 1 of 'Soler' and 'Menina' crossed with 'Waltham Butternut,' a ratio of 1:1 resistant to susceptible would be expected, given the single dominant gene for resistance, Zym-1, carried by 'Menina.' The result fits this expectation (Table 1) .
Discussion
Two Dominant Genes for Resistance, Zym-0 and Zym-4, in 'Nigerian Local', one Complementary Recessive Gene for Resistance, zym-5, in 'Waltham Butternut' Munger and Provvidenti (1987) and Brown et al. (2003) reported that resistance to ZYMV in the cross between 'Nigerian Local' and 'Butternut' was conferred by a single dominant gene. We used the same 'Nigerian Local' and we used 'Waltham Butternut,' the same as Brown et al. (2003) and which is similar to 'Butternut' used by Munger and Provvidenti (1987) . We found that more than one gene is involved in conferring resistance in this cross. Our data indicate that 3 genes are involved, one dominant gene, zym-0 zym-1 zym-4 zym-5? zym-6
Gene symbols Zym-0 and Zym-1 are from Paris and Brown (2005) . Zym-4, zym-5, and zym-6 are new gene symbols, the last replacing the symbol zym mos proposed by Paris and Brown (2005) . The dominant Zym-0 and Zym-1 and recessive zym-6 alleles confer resistance, each by itself. The dominant Zym-4 and recessive zym-5 alleles, in a complementary interaction, together confer resistance.
Zym-0, acting alone and another, Zym-4, in a complementary interaction with a recessive gene, zym-5, from 'Waltham Butternut,' giving an F 2 ratio of 51:13 and a backcross ratio of 5:3 (Tables 1 and 2 ).
The growing conditions and the ZYMV isolates were not the same but yet, it is worthwhile to reanalyze the data obtained by the previous workers in light of our results and analysis (Tables 1 and 2 ). Munger and Provvidenti (1987) observed, of 168 F 2 plants, 131 were resistant and 37 were susceptible. For the 51:13 ratio, the chi-square 5 0.304, P 5 0.58. Brown et al. (2003) observed, of 167 F 2 plants, 129 resistant and 38 susceptible. For the 51:13 ratio, the chi-square 5 0.615, P 5 0.46. The total number of plants from the 2 previous works and ours is 551, of which 439 were resistant and 112 susceptible, for the expected 51:13 ratio the chi-square 5 0.000, P 5 1.00. The results of both of the previous studies and ours (Table 1) are indeed quite similar, the chi-square for heterogeneity 5 2.271, P 5 0.32. Apparently, the different isolates, the different localities, the different growing conditions, and the different research groups had negligible or no effect on the mode of inheritance.
Only 47 first-generation backcross plants were scored and counted for resistance by Munger and Provvidenti (1987) , of which 24 were resistant and 23 were susceptible. Using the 5:3 backcross ratio (Table 1) , the chi-square 5 2.623, P 5 0.10. Brown et al. (2003) scored only 10 plants, 5 were resistant and 5 susceptible. Obviously, the small number of backcross plants used by these previous researchers precluded determining whether there are 1, 2, or 3 genes for resistance. We used far more backcross plants, 108, which was enough to allow us to differentiate between fitness to a one-gene, 1:1 ratio (chi-square 5 10.074, P ,, 0.01) and a 3-gene, 5:3 ratio (Table 1) .
One Dominant Gene for Resistance, Zym-0 or Zym-4, in 'Nicklow's Delight' Segregation in the F 2 progeny of 'Nicklow's Delight,' the resistance of which is derived from 'Nigerian Local,' and 'Waltham Butternut' gave a reasonably good fit to both, the 3:1 one-gene ratio (Table 1 ) and the 51:13 three-gene ratio (chi-square 5 1.888, P 5 0.16). However, when 'Nicklow's Delight' was crossed with 'Soler' and their F 1 testcrossed on 'Waltham Butternut,' the progeny fit a 1:1 ratio, which suggests that 'Nicklow's Delight' carries either Zym-0 or Zym-4 but not both unless 'Soler' has genotype Zym-5/Zym-5. Interestingly, the resistance of 'Nicklow's Delight' to the virus was observed by us to be not as high as that of 'Nigerian Local' (Figure 1 ) and therefore it may not be entirely correct to consider Zym-0 and Zym-4 as merely duplicate factors for resistance.
One Dominant Gene for Resistance, Zym-1, in 'Menina'
The results (Table 1) for the cross of 'Waltham Butternut' with 'Menina' were consistent with previous work (Paris et al. 1988) indicating that the latter possesses one dominant gene for resistance, Zym-1. Segregation consistent with a single dominant gene for resistance was also observed in the progeny of a cross of 'Menina' with the susceptible French Cucurbita moschata pumpkin, 'Musquée de Provence' (Gilbert-Albertini et al. 1993 ). This gene must be at a different locus than the ones possessed by 'Nigerian Local' as some susceptible individuals were found in their F 2 progeny and in the testcross of their F 1 on 'Waltham Butternut.' The testcross results (Table 1 ) could be simply explained by assuming that 'Menina,' like 'Waltham Butternut,' is zym-5/zym-5 (Table 2 ) but the F 2 still had fewer than expected susceptible plants, suggesting the possibility that Zym-1 is linked with one of the genes for resistance from 'Nigerian Local.'
One Recessive Gene for Resistance, zym-6, in 'Soler'
The present results involving 'Soler' (Table 1) confirm that its resistance is conferred by a recessive gene which we have designated zym-6. However, more than one recessive gene may be involved as an excess of resistant individuals occurred in the F 2 when this cultigen was crossed with 'Waltham Butternut.' The F 2 obtained from crossing 'Soler' with 'Menina' fit nicely the expected 13:3 ratio. However, especially difficult to understand is the result of the F 2 obtained when 'Nigerian Local' was crossed with 'Soler' as only 4 of 189 plants were observed to be susceptible. Even if 'Soler' does indeed carry the complementary recessive zym-5 gene, the result is nowhere near the ratio expected for the segregation of Zym-0, Zym-4, zym-5, and zym-6. Therefore, it must be assumed that the gene unique to 'Soler,' zym-6, is linked to one of genes for resistance in 'Nigerian Local,' Zym-0 or Zym-4, but not to the gene for resistance from 'Menina,' Zym-1. Linkage could also be responsible for 13 resistant plants of 14 from the cross of 'Waltham Butternut' with the F 1 of 'Nigerian Local' and 'Soler' (Table 1) .
It was thought that the one recessive gene for resistance previously identified in CuCurbita moschata 'Soler' might be homeologous to the one identified in C. ecuadorensis and therefore it was assigned symbol zym mos (Paris and Brown 2005) . However, the present results identify a second recessive gene for resistance in C. moschata, zym-5, and suggest that yet other recessive genes for resistance may exist in C. moschata, seriously questioning the previous idea of homeology. In the gene nomenclature rules of the Cucurbit Genetics Cooperative (2005) (2006) , superscript designations indicate allelism. The previously assigned gene symbol, zym mos , is now untenable and thus we have changed the symbol of the recessive gene conferring resistance in 'Soler' to zym-6.
Implications for Breeding ZYMV-Resistant Summer Squash
A plethora of Cucurbita pepo summer squash cultigens now carry genes for resistance to ZYMV that were transferred from C. moschata (Provvidenti 1997) . Most of these cultigens ultimately derive their resistance from 'Nigerian Local' and others from 'Menina.' The mode of inheritance of resistance in C. pepo, however, is different from that in C. moschata. In C. pepo, one resistance derived from 'Nigerian Local' is recessive (Pachner and Lelley 2004) . Moreover, at least 2 dominant genes, Zym-2 and Zym-3, may be ubiquitous in C. moschata but absent in C. pepo. Hence, what appeared to be one-gene inheritance for resistance in C. moschata 'Menina' appears as 3 complementary dominant genes in resistant germplasm of C. pepo derived from 'Menina' (Paris and Cohen 2000) . Even deployment of Zym-1, Zym-2, and Zym-3 together does not result in the same level of resistance seen in 'Menina.' An additional recessive gene derived from C. moschata is necessary to obtain the highest level of resistance in C. pepo (Paris HS, unpublished observations).
As discussed previously, different isolates of ZYMV were used by Munger and Provvidenti (1987) , Brown et al. (2003) , and us to study the inheritance of resistance in crossing 'Nigerian Local' with 'Waltham Butternut' or 'Butternut' but with similar results. Nonetheless, ZYMV is highly virulent and mutable (Lecoq and Purcifull 1992; Gal-On 2007; Simmons et al. 2008) . Thus, it is quite likely that ZYMV could mutate in the field to overcome resistance conferred by a single gene. To better ensure durability of resistance to ZYMV, genes for resistance will have to be pyramided (Werner et al. 2005) . As can be appreciated from the results of the current investigation, pyramiding in Cucurbita would be difficult by phenotypic selection alone, especially since linkage is present. In attempts to backcross genes for resistance from C. moschata into summer squash, C. pepo, this difficulty has been compounded by apparent ''quasi-linkage'' (Formisano et al. 2010) . Marker-assisted selection can be expected to be involved in future gene pyramiding efforts for breeding ZYMV-resistant pumpkins and squash.
